LC3-associated phagocytosis (LAP) is a process wherein elements of autophagy conjugate LC3 to phagosomal membranes. We characterize the molecular requirements for LAP, and identify Rubicon as being required for LAP but not autophagy. Rubicon is recruited to LAPosomes and is required for the activity of a Class III PI(3)K complex containing UVRAG but lacking ATG14 and Ambra1. This allows for the sustained localization of PtdIns(3)P, which is critical for recruitment of downstream autophagic proteins and stabilization of the NOX2 complex to produce reactive oxygen species. Both PtdIns(3)P and reactive oxygen species are required for conjugation of LC3 to LAPosomes and subsequent association with LAMP1 + lysosomes. LAP is induced by engulfment of Aspergillus fumigatus, a fungal pathogen that commonly afflicts immunocompromised hosts, and is required for its optimal clearance in vivo. Therefore, we have identified molecules that distinguish LAP from canonical autophagy, thereby elucidating the importance of LAP in response to A. fumigatus infection.
1
. The proteins of autophagy machinery often interact with pathogens, such as Salmonella enterica, Listeria monocytogenes, Aspergillus fumigatus 2 and Shigella flexneri 3 , and function to quarantine and degrade invading organisms (xenophagy) 3 . LC3 (mammalian homologue of Atg8) is the most commonly monitored autophagy-related protein, and its lipidated form, LC3-II, is present on autophagosomes during canonical autophagy 4 . LAP is a process triggered following phagocytosis of particles that engage cell-surface receptors such as TLR1/2, TLR2/6, TLR4, TIM4 and FcR (refs 5-7) , resulting in recruitment of some, but not all, members of the autophagic machinery to stimuluscontaining phagosomes 6, 8, 9 , facilitating rapid phagosome maturation, degradation of engulfed pathogens, and modulation of immune responses [5] [6] [7] [8] [9] [10] . We [6] [7] [8] and others 9 have demonstrated that LAP and autophagy are functionally and mechanistically distinct processes. Whereas the autophagosome is a double-membrane structure, the LAP-engaged phagosome (LAPosome) is composed of a single membrane 5, 8, 11 . Autophagy requires the activity of the pre-initiation complex 12 , but LAP does not 7, 8 . However, LAP requires some autophagic components, such as the Class III PI(3)K complex 7, 11 , and elements of the ubiquitylation-like, protein conjugation systems (ATG5, ATG7; refs 5-7,9,13).
There remain significant gaps in our ability to differentiate LAP from canonical autophagy, in terms of molecular mechanisms and specificity. We identify the Class III PI(3)K-associated protein, Rubicon, as required for LAP, yet non-essential for autophagy. Rubicon facilitates VPS34 activity and sustained PtdIns(3)P presence on LAPosomes and stabilizes the NOX2 complex for reactive oxygen species (ROS) production, both of which are critical for progression of LAP. Rubicon and LAP function in clearance of A. fumigatus, a fungal pathogen that commonly affects immunocompromised hosts. GFP-LC3 puncta were assessed at 18 h, and translocation of GFP-LC3 to LAPosomes was assessed at 1 h by confocal microscopy (b) and flow cytometry (c,d) . Filled grey histogram represents inert bead. The mean fluorescence intensity (MFI) of membrane-bound GFP-LC3 was determined using flow cytometry under starvation conditions (left) and zymosan feeding (right).
(e,f) Bone marrow-derived macrophages from Rubicon +/+ and Rubicon −/− mice (e) or WT, LysM-Cre + VPS34 flox/flox , LysM-Cre + Beclin1 flox/flox and
RESULTS

Rubicon is required for LAP
We used a stable isotope labelling of amino acids in cell culture (SILAC)-based approach to profile the proteome of LAPosomes on engulfment of inert beads versus beads conjugated to Pam3csk4 or IgG (refs 6,8) . We identified Rubicon (RUN domain protein as Beclin-1 interacting and cysteine-rich containing) as a protein associated with LAPosomes, but not conventional phagosomes (Supplementary Table 1). Rubicon associates constitutively with the UVRAG-containing Class III PI(3)K complex 14 . Silencing of Rubicon results in an increase in the number of autophagosomes, indicating that Rubicon negatively regulates autophagy, through its inhibition of VPS34 (refs 14,15) or blocking GTPase Rab7 activation 16 in autophagosome maturation. We silenced Rubicon using short hairpin RNA (shRNA) in RAW-GFP-LC3 (ref. 5 ) cells and observed that Rubicon-shRNA treatment abrogated recruitment of GFP-LC3 to phagosomes, yet enhanced formation of GFP-LC3
+ puncta on autophagy induction with rapamycin, as previously reported 14 ( Fig. 1a ). Immunofluorescent staining revealed that endogenous LC3 was recruited to LAPosomes, in a manner similar to GFP-LC3 ( Supplementary Fig. 1a ).
The recruitment of LAP proteins to LAPosomes is a process distinct from conventional phagocytosis, as phagosomes containing inert beads fail to contain LAP-associated proteins ( Supplementary Fig. 1b ).
Time-lapse imaging of GFP-LC3 recruitment to LAPosomes showed that approximately 73% of zymosan-containing LAPosomes were GFP-LC3
+ , compared with 3% of inert-bead-containing phagosomes ( Supplementary Fig. 1c ). We used flow cytometry to quantify the amount of lipidated GFP-LC3 (LC3-II) associated with LAPosomes. Brief digitonin treatment resulted in the release of non-lipidated GFP-LC3 (LC3-I) from the cell, and thus the only GFP-LC3 detected after digitonin treatment was LC3-II, as confirmed by western blot ( Supplementary Fig. 1d ).
To characterize the role of Rubicon in LAP, we used CRISPR/ Cas9-mediated gene targeting [17] [18] [19] to generate Rubicon-deficient (Rubicon −/− ) mice. This targeting successfully deleted Rubicon expression from all tissues examined ( Supplementary Fig. 2a,b) . We obtained viable, fertile Rubicon −/− animals at Mendelian ratios ( Supplementary Fig. 2c ). Rubicon −/− mice exhibited normal numbers of B cells, T cells and NK cells in their spleens and lymph nodes and normal T-cell subsets in their thymuses ( Supplementary Fig. 2d-f) .
Bone marrow-derived macrophages from GFP-LC3-transgenic 20 Rubicon +/+ and Rubicon −/− littermates were examined for their capacity to undergo canonical autophagy and LAP. In agreement with previous studies 14, 15 , rapamycin-treated or nutrient-deprived Rubicon −/− macrophages exhibited increased numbers of LC3 puncta, compared with wild-type macrophages (Fig. 1b-d) . However, Rubicon −/− macrophages were unable to translocate LC3 to LAPosomes, despite equivalent phagocytosis (Fig. 1b-d and Supplementary  Fig. 2g ). Previous work indicates that during autophagy, Rubicon prevents endosome maturation by binding to GTP-bound RAB7 (ref. 16 ). LAPosomes from both Scrambled and RAB7 short interfering RNA (siRNA)-treated RAW cells contained Rubicon following LAP stimulation ( Supplementary Fig. 2h ). Therefore, recruitment of Rubicon to LAPosomes is independent of RAB7.
Purified LAPosomes from Rubicon +/+ macrophages contained Beclin-1, UVRAG, VPS34 and Rubicon as detected by immunoblot (Fig. 1e) . However, in the absence of Rubicon, Beclin1, UVRAG and VPS34 recruitment was reduced, suggesting that Rubicon plays a role in the retention of the complex at LAPosomes. Recruitment of ATG7 and LC3-II were also compromised in Rubicon −/− macrophages (Fig. 1e) . We next examined recruitment of Rubicon to LAPosomes in the absence of components of the pre-initiation complex (ULK1 and FIP200) or Class III PI(3)K complex (Beclin1, VPS34). Beclin1, VPS34, UVRAG, Rubicon and LC3-II were associated with LAPosomes from wild-type, ULK1
−/− and LysM-Cre + FIP200
flox/flox macrophages ( Supplementary Fig. 3a-d ). In the absence of VPS34, no recruitment of Beclin1, UVRAG or Rubicon to LAPosomes was observed (Fig. 1f) . These data indicate that the stability of the Class III PI(3)K complex relies on VPS34, consistent with data demonstrating that loss of VPS34 results in the loss of the Class III PI(3)K complex as a whole in autophagy 21 . VPS34 and Rubicon, but not UVRAG, were present on LAPosomes in the absence of Beclin1 (Fig. 1f) . Therefore, whereas the formation and stability of the Class III PI(3)K complex is dependent on VPS34 and Beclin1, VPS34 seems to play a role in targeting the complex to LAPosomes.
We examined the ability of macrophages from genetically deficient animals to generate PtdIns(3)P, which is crucial for the recruitment of downstream autophagic machinery 22 . Wild-type and LysM-Cre + FIP200 flox/flox macrophages exhibited increased VPS34 activity associated with LAPosomes (Fig. 1g) . LysM-Cre
+
Beclin1
flox/flox , LysM-Cre + VPS34 flox/flox and Rubicon −/− macrophages did not demonstrate any VPS34 activity associated with LAPosomes (Fig. 1g) . As expected, LysM-Cre + ATG5 flox/flox macrophages exhibited wild-type levels of VPS34 activity on LAPosomes (Fig. 1g) . These data indicate that although Rubicon inhibits VPS34 activity during canonical autophagy 14, 15 , VPS34 activity on LAPosomes requires Rubicon.
LAP uses a UVRAG-containing Class III PI(3)K complex
Canonical autophagy requires activation of the pre-initiation complex, comprised of ULK1/2, FIP200 and ATG13 (ref. 12 ), but LAP does not 8, 9 . LysM-Cre + FIP200 flox/flox macrophages translocate LC3 to LAPosomes but are unable to form LC3 puncta in response to rapamycin or starvation ( Supplementary Fig. 3a-c) . This result is consistent with the observation that FIP200 is not required for PI(3)K complex activity during LAP (Fig. 1g) . Canonical autophagy requires ULK1-dependent release of a Beclin1-activating cofactor, Ambra1, from the dynein motor complex 23 , and the function of WIPI2 (ref. 24) . Scrambled control, Ambra1 siRNA-treated and WIPI2 siRNA-treated RAW-GFP-LC3 cells 5 were competent for LAP but Ambra1-silenced cells were unable to undergo autophagy in response to rapamycin or starvation ( Supplementary Fig. 3e-h ). These data support the idea that LAP does not require the activity of the pre-initiation complex [6] [7] [8] [9] , Ambra1 or WIPI2.
Although all Class III PI(3)K complexes contain Beclin1, VPS34 and VPS15, they can differ in additional components 25 . We confirmed the requirement for Beclin1 in LAP using LysM-Cre + Beclin1 flox/flox macrophages, which failed to translocate LC3 to LAPosomes or form GFP-LC3 puncta in response to autophagic stimuli (Fig. 2a,b and Supplementary Fig. 4a,b) . The presence of PtdIns(3)P on LAPosomes has been described 5 , and using LysM-Cre
Scrambled siRNA UVRAG siRNA and LysM-Cre + ATG14 flox/flox mice were transfected with GFP-LC3. After 48 h of transfection, cells were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., e), starvation conditions (S, f), inert beads (I, f) or Alexa Fluor 594-zymosan (Zymosan or Z, e,f). (g,h) RAW-GFP-LC3 cells were transfected with Scrambled or UVRAG siRNA oligonucleotides. After 48 h of transfection, cells were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., g), starvation conditions (S, h), inert beads (I, h) or Alexa Fluor 594-zymosan (Zymosan or Z, g,h). GFP-LC3 puncta were assessed at 18 h, and translocation of GFP-LC3 to LAPosomes was assessed at 1 h by confocal microscopy (a,c,e,g) and flow cytometry (b,d,f,h). For a,c,e and g, representative images from three independent experiments are shown. For b,d,f and h, data are presented as mean ± s.d. (n = 3 independent experiments, * * P < 0.001 using Student's t-test). In each experiment, technical triplicate samples of 50,000 cells per genotype were assessed by FACS. (i) Bone marrow-derived macrophages from LysM-Cre − Beclin1 flox/flox and LysM-Cre + Beclin1 flox/flox mice were allowed to phagocytose latex beads coated with Pam3csk4 for 1 h. Phagosomes were purified using a sucrose gradient as described in the Methods. Phagosome proteins (left), and whole-cell lysates from non-stimulated cells (right), were solubilized in SDS-PAGE and blotted with the indicated antibodies. The results presented are representative of three independent experiments. Unprocessed original scans of blots are shown in Supplementary Fig. 9 . . GFP-LC3 puncta were assessed at 18 h, and translocation of GFP-LC3 to LAPosomes was assessed at 1 h by confocal microscopy (a) and flow cytometry (b). (c-e) Bone marrow-derived macrophages from genetic knockout strains were fed inert beads or Alexa Fluor 594-zymosan and analysed for ROS production at 1 h by flow cytometry using dihydroethidium (DHE). (f-h) Bone marrow-derived macrophages from WT, NOX2 −/− and LysM-Cre + Beclin1 flox/flox mice (f), Rubicon +/+ and Rubicon −/− mice (g), and WT, Rubicon −/− and NOX2 −/− mice (h) were allowed to phagocytose latex beads coated with Pam3csk4 for 1 h. Phagosomes were purified using a sucrose gradient as described in the Methods. Phagosome proteins were solubilized in SDS-PAGE and blotted with the indicated antibodies. For a,f,g and h, representative images from three independent experiments are shown. For b,c,d and e, data are presented as mean ± s.d. (n = 3 independent experiments, * * P < 0.001 using Student's t-test). In each experiment, technical triplicate samples of 50,000 cells per genotype were assessed by FACS. Unprocessed original scans of blots are shown in Supplementary Fig. 9 .
we found that VPS34 is required for LAP, as well as autophagy (Fig. 2c,d and Supplementary Fig. 4c,d ).
ATG14 and UVRAG are mutually exclusive in their association with the Class III PI(3)K complex during autophagy 26 , and silencing of either ATG14 (refs 15,26) 
ATG14
flox/flox macrophages and UVRAG siRNA-treated RAW-GFP-LC3 cells demonstrated defective autophagy in response to rapamycin or starvation. LysM-Cre + ATG14 flox/flox macrophages were able to translocate LC3 to LAPosomes, indicating that LAP does not require ATG14 (Fig. 2e,f and Supplementary Fig. 4e,f) . Conversely, UVRAG siRNA-treated RAW-GFP-LC3 cells were compromised in their ability to undergo LAP, as well as canonical autophagy (Fig. 2g-j and Supplementary Fig. 4g,h) .
Although wild-type macrophages translocated Beclin1, UVRAG, Rab5, ATG7 and LC3-II to LAPosomes, ATG14 was not present on LAPosomes, despite high expression in cell lysates (Fig. 2i) . Beclin1-deficient macrophages failed to recruit UVRAG or any other downstream components of the LAP pathway to LAPosomes (Fig. 2i) . Likewise, wild-type macrophages recruited Beclin-1, UVRAG and VPS34, but not ATG14, to LAPosomes as detected by immunofluorescence ( Supplementary Fig. 4i,j) . These data clearly demonstrate that whereas multiple Class III PI(3)K complexes can be used by canonical autophagy 26 , the LAP pathway only requires the activity of the UVRAG-containing Class III PI(3)K complex, with which Rubicon associates. We conclude that the activity of the UVRAG-containing, ATG14-deficient Class III PI(3)K complex involved in LAP depends on the presence of Rubicon.
NOX2 is downstream of the Class III PI(3)K complex and is required for LAP NADPH oxidase-2 (NOX2, or gp91PHOX) is the only NADPH oxidase expressed in phagocytes 28 . NOX2 and p22PHOX are constitutively associated and located primarily in the membranes of intracellular vesicles. Generation of ROS requires translocation of cytosolic factors p47PHOX, p40PHOX, p67PHOX and Rac to the NOX2/p22PHOX complex 28 . Signalling through TLR or FcγR during phagocytosis can activate assembly of the NOX2 complex and produce superoxide in phagosomal lumen 29 . NOX2 has been linked to translocation of LC3 to TLR-or FcγR-engaged phagosomes and seems to play a signalling role in the recruitment of autophagy machinery to localized targets 10 . We similarly observed that NOX2 −/− macrophages were unable to undergo LAP, yet were able to engage canonical autophagy in response to rapamycin or starvation (Fig. 3a,b and Supplementary Fig. 5a ). Previous reports suggested that NOX2-mediated ROS production is upstream of the function of Beclin1 (ref. 10). However, NOX2 −/− , LysM-Cre + VPS34 flox/flox and LysM-Cre + Beclin1 flox/flox macrophages all failed to produce ROS in response to zymosan stimulation (Fig. 3c,d and Supplementary Fig. 5b ). Macrophages deficient for FIP200 or ATG7 were capable of producing ROS in response to zymosan ( Fig. 3d and Supplementary Fig. 5b ). Further, Rubicon −/− macrophages also failed to produce ROS in response to zymosan ( Fig. 3e and Supplementary Fig. 5b ), and Rubicon was effectively recruited to LAPosome in wild-type and NOX2 −/− macrophages, but reduced in phagosomes from LysM-Cre + Beclin1 flox/flox macrophages (Fig. 3f) . Immunofluorescent staining revealed that LAPosomes from NOX2 −/− macrophages contain wild-type levels of Beclin1, UVRAG and VPS34 ( Supplementary Fig. 4i,j) . NOX2 −/− macrophages also exhibited wild-type levels of VPS34 activity ( Supplementary Fig. 5c ). ATG5-ATG12 and ATG16L, members of downstream conjugation systems in autophagy 22 , were recruited to LAPosomes in wild-type macrophages, but absent in Rubicon −/− and NOX2 −/− macrophages (Fig. 3g) . These data place NOX2 and its activity downstream of the Class III PI(3)K complex and upstream of ATG7 in LAP.
In addition to its interaction with the Class III PI(3)K complex, Rubicon can also translocate to the NOX2 complex following zymosan stimulation 13 . Rubicon directly interacts with the p22PHOX subunit of NOX2 via its serine-rich domain (amino acids 567-625), a domain separate from the CCD domain (amino acids 515-550) responsible for interaction with Beclin1 (ref. 13 ) and the RUN domain (amino acids 49-180) responsible for interaction with VPS34 (ref. 30) . Rubicon stabilizes NOX2, resulting in maximal ROS production 13 . Of note, the p40PHOX subunit of NOX2 is a PtdIns(3)P-binding protein, and its ability to translocate to the NOX2 complex on phagosomes is impaired in the presence of wortmannin, an inhibitor of PI(3)K activity 31 . We therefore examined assembly of the NOX2 complex in the absence of Class III PI(3)K complex components. Purified LAPosomes from wild-type and ULK1 −/− macrophages contained the constitutively membrane-associated subunit, p22PHOX, and the translocated, PtdIns(3)P-binding subunit, phosphorylated p40PHOX (p-p40PHOX) ( Fig. 3f and Supplementary Fig. 5d ). LAPosomes from NOX2 −/− macrophages contained markedly reduced levels of both subunits, consistent with the role of NOX2 in the stability of its other components 28 ( Fig. 3f and Supplementary Fig. 6a ). Although LAPosomes from LysM-Cre + Beclin1 flox/flox macrophages contained normal levels of p22PHOX, they lacked p-p40PHOX (Fig. 3f) . LAPosomes from Rubicon −/− macrophages also lacked p-p40PHOX, despite normal levels of p22PHOX ( Fig. 3h and Supplementary  Fig. 6a ). Collectively, these data suggest that Rubicon promotes association of the active Class III PI(3)K complex with LAPosomes, and stabilizes the NOX2 complex. VPS34 produces PtdIns(3)P on LAPosomes, which further stabilizes the active NOX2 complex and promotes ROS production ( Supplementary Fig. 6b ).
PtdIns(3)P and ROS are both required for LAP
To examine the presence of PtdIns(3)P on LAPosomes, bone marrowderived macrophages were transiently transfected with an mCherryfluorescent probe derived from the PX domain of p40PHOX (ref.
32). Whereas wild-type and NOX2
−/− macrophages exhibited equivalent levels of PtdIns (3) 
Rubicon
−/− macrophages exhibited increased PX-mCherry + puncta throughout the cell, indicative of increased VPS34 activity, compared with other macrophages (Fig. 4b,c) . These data suggest that in the absence of Rubicon, there exists an increased cellular level of VPS34 activity, as described previously 33 , but Rubicon, is required to localize PtdIns(3)P on LAPosomes.
One effect of ROS production is oxidation of membrane lipids concurrently with inert beads. Co-treatment of inert beads with TBHP resulted in ROS production ( Supplementary Fig. 7b ) and an increase in LC3-associated phagosomes (Fig. 4d) . Conversely, ROS production and LC3 translocation to zymosan-or Pam3csk4-beadcontaining phagosomes were inhibited using Tiron, a ROS scavenger ( Fig. 4d and Supplementary Fig. 7b,c) . Similar effects were observed * * * * * * * * * MFI of GFP-LC3 500 400 flox/flox GFP-LC3 + mice were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., f), starvation conditions (S, g), inert beads (I, g) or Alexa Fluor 594-zymosan (Zymosan or Z, f,g). (h,i) Bone marrow-derived macrophages from ATG16L +/+ and ATG16L T316A mice were transfected with GFP-LC3. After 48 h of transfection, cells were left untreated (NS) or were cultured with 200 nM rapamycin (Rapa., h), starvation conditions (S, i), inert beads (I, i) or Alexa Fluor 594-zymosan (Zymosan or Z, h,i). GFP-LC3 puncta were assessed at 18 h, and translocation of GFP-LC3 to LAPosomes was assessed at 1 h by confocal microscopy (b,d,f,h) and flow cytometry (c,e,g,i). For a,b,d,f and h, representative images from three independent experiments are shown. For c,e,g and i, data are presented as mean ± s.d. (n = 3 independent experiments, * P < 0.05, * * P < 0.001 using Student's t-test). In each experiment, technical triplicate samples of 50,000 cells per genotype were assessed by FACS. Unprocessed original scans of blots are shown in Supplementary Fig. 9 .
with 3-MA treatment, which inhibits VPS34 activity 5, 8, 35 ( Fig. 4d and Supplementary Fig. 7b,c) .
We next fed horseradish peroxidase (HRP)-coated latex beads to RAW-GFP-LC3 cells to induce intraphagosomal ROS production in the absence of LAP engagement signals. This resulted in both ROS production ( Supplementary Fig. 7d ) and LC3 translocation to bead-containing phagosomes (Fig. 4e) . Both wild-type and NOX2 −/− macrophages were able to translocate GFP-LC3 to HRP-beadcontaining phagosomes, whereas LysM-Cre + Beclin1 flox/flox , LysMCre + VPS34 flox/flox and Rubicon −/− macrophages were not (Fig. 4e ). These data suggest that although Rubicon is needed for ROS production, exogenous ROS does not bypass the need for Rubicon, consistent with its requirement for PtdIns(3)P generation.
LAP was analysed in response to beads coupled to Pam3csk4 or to Pam3csk4 and catalase (which reduces H 2 O 2 to H 2 O; ref. 36) , which successfully reduced ROS levels during LAP ( Supplementary  Fig. 7e ). Beads coated with Pam3csk4 and catalase failed to recruit LC3 to phagosomes (Fig. 4f,g ). Therefore, both PtdIns(3)P and ROS are required for successful LAP, and modulation of these signalling molecules can affect the outcome during phagocytosis.
LAP-induced phagosome maturation requires LC3-II
The translocation of LC3-II to LAPosomes is also a defining characteristic of LAP (ref. 4) . There exist at least three families of LC3-related proteins: LC3 (including LC3A, LC3B and LC3C), GATE16 and GABARAP. Members of all three families have been identified on autophagosomes 37 . SILAC analysis revealed that LC3B, GABARAP and GATE16 associated with LAPosomes (Supplementary  Table 1 ). Immunoblot analysis (Fig. 5a ) confirmed that LC3A, LC3B, GABARAP and GATE16 associated with LAPosomes containing Pam3csk4-conjugated beads.
The molecular mechanisms that mediate LC3 conjugation are well described for autophagy 22 . Whereas both ATG7 (refs 5,8) and ATG5 (refs 7,8) are required for both autophagy and LAP, the roles of other components of the conjugation systems in LAP are unknown. LysM-Cre + ATG5 flox/flox , LysM-Cre + ATG12
flox/flox and LysM-Cre + ATG16L flox/flox macrophages all failed to undergo both LAP and autophagy ( Fig. 5b-g ). Macrophages expressing the murine ATG16L T316A mutation, homologous with the human polymorphism associated with Crohn's disease 38 , however, exhibited marginal defects in LAP and canonical autophagy, suggesting that this single-nucleotide polymorphism has little or no effect on LAP in murine bone marrow-derived macrophages (Fig. 5h,i) .
The conjugation of LC3 to lipid (LC3-II) requires processing of the LC3 precursor to LC3-I by ATG4 (ref. 22) . ATG4B +/+ macrophages exhibited GFP-LC3 puncta formation in response to rapamycin or starvation, as well as rapid translocation of GFP-LC3 to LAPosomes. ATG4B −/− macrophages, however, failed to undergo canonical autophagy or LAP (Fig. 6a,b) . Similarly, LysM-Cre + ATG3
flox/flox macrophages did not form GFP-LC3 puncta in response to autophagic stimuli, nor did they undergo LAP in response to zymosan stimulation (Fig. 6c,d ). However, ATG4B-or ATG3-deficient macrophages exhibited equivalent levels of phagocytosis (Fig. 6e,f) . The lipidated, membrane-associated LC3-II is associated with both outer and inner autophagosomal membranes and remains on autophagosomes during formation, completion and fusion with the lysosome 39, 40 . To determine the role of LC3 in LAPosome maturation, we used the Legionella pneumophila effector protein, RavZ, a cysteine protease that specifically targets LC3-PE (LC3-II) and generates an unlipidated LC3 product that lacks the essential carboxy-terminal glycine required for re-lipidation 41 . The presence of RavZ resulted in an absence of both LC3-II (Fig. 6g) and LAMP1 (Fig. 6h,i) on LAPosomes, whereas RavZ-GFP translocated to LAPosomes (Fig. 6h,i) . Cells expressing the non-functional mutant, RavZ C258A -GFP, however, contained LC3-II + , LAMP1
+ LAPosomes (Fig. 6g,j,k) . These data suggest that the ATG5-12 and LC3-PE conjugation systems target lipidated LC3-II to LAPosomes and that LC3-II facilitates the fusion of LAPosomes to lysosomes.
Clearance of A. fumigatus requires LAP
Patients with chronic granulomatous disease (CGD) commonly have mutated or deleted gp91PHOX, p22PHOX and p47PHOX NOX2 subunits 42 . These patients can develop colitis and are susceptible to invasive fungal infection, such as aspergillosis 43 . Macrophages from p47PHOX −/− mice and blood monocytes from CGD patients exhibit reduced translocation of LC3 to phagosomes containing A. fumigatus spores 2 . To examine the ability of A. fumigatus to induce LAP, macrophages from various genetically modified animals were cultured with A. fumigatus spores in vitro. Both wild-type and LysMCre + FIP200 flox/flox macrophages recruited GFP-LC3 to pathogencontaining phagosomes. Macrophages deficient for Beclin1, Rubicon, NOX2 or ATG7 failed to translocate GFP-LC3 to A. fumigatuscontaining phagosomes, suggesting that this pathogen triggers LAP ( Fig. 7a and Supplementary Fig. 8a) . Notably, macrophages from all genotypes exhibited equivalent phagocytosis (Supplementary Fig. 8b ). Wild-type and LysM-Cre + FIP200 flox/flox macrophages exhibited robust clearance (Fig. 7b) and killing (Supplementary Fig. 8c ) of A. fumigatus in vitro after 2 and 8 h. However, LysM-Cre Fig. 7b and Supplementary Fig. 8c ). We challenged mice intranasally with A. fumigatus and monitored for weight loss, local fungal growth, cytokine production and lung histopathology. Wild-type, LysM-Cre + FIP200 flox/flox and ULK1 −/− mice did not lose weight ( Supplementary Fig. 8d ) and were able to control fungal growth at 3 and 7 days post-infection (Fig. 7c) . LysM-Cre + Beclin1 flox/flox , Rubicon −/− and LysM-Cre + ATG7
flox/flox mice exhibited mild weight loss ( Supplementary Fig. 8d ) and were delayed in their ability to restrict fungal growth in the lung at 3 and 7 days post-infection (Fig. 7c) . At day 3 postinfection, lungs from LysM-Cre + Beclin1 flox/flox , Rubicon −/− and LysM-Cre + ATG7 flox/flox mice contained increased levels of IL-1β, IL-6, IL-12(p40), and TNFα (measured by qPCR), compared with wild-type, LysM-Cre + FIP200 flox/flox and ULK1 −/− mice (Fig. 7d) . LysM-Cre . After 48 h of transfection, cells were fed inert beads or Pam3csk4-beads for 1 h. Immunofluorescent staining was performed for LAMP1 and analysed by microscopy. Representative images from two independent experiments (h,j) and signal intensity profiles (i,k) for RavZ, RavZ C258A and LAMP1 across phagocytosed beads. For a,c and g, representative images from three independent experiments are shown. For b,d,e and f, data are presented as mean ± s.d. (n = 3 independent experiments, * * P < 0.001 using Student's t-test). In each experiment, technical triplicate samples of 50,000 cells per genotype were assessed by FACS. In i, signal intensity profiles for RavZ-GFP and LAMP1 across phagocytosed beads are quantified. In k, signal intensity profiles for RavZ C258A -GFP and LAMP1 across phagocytosed beads are quantified. Data (intensity measurements across beads) are presented as mean ± s.d. (n = 56 cells per genotype pooled from two independent experiments). Unprocessed original scans of blots are shown in Supplementary Fig. 9 . Figure 8 Proposed model of LAP. Recruitment of the Rubicon-and UVRAG-containing Class III PI(3)K complex allows for sustained VPS34 activity at LAPosomes, resulting in significant PtdIns(3)P deposition on LAPosomes. This PtdIns(3)P allows for the recruitment of autophagic downstream conjugation systems to LAPosomes and stabilizes the NOX2 complex via its binding to p-p40PHOX. Rubicon itself also stabilizes the NOX2 complex, promoting optimal ROS production.
Both PtdIns(3)P and ROS are required for the recruitment of the downstream conjugation systems. LAP requires the activity of the ATG5-ATG12-ATG16L complex, as well as ATG3 and ATG4, all of which are critical to the lipidation of LC3. Importantly, the maturation of LAPosomes requires the presence of LC3-II, as macrophages that express the Legionella effector protease, RavZ, fail to mature into LAMP1 + LAPosomes.
ULK1
−/− mice (Fig. 7e,f) . Collectively, these data demonstrate that LAP is critical for efficient clearance of A. fumigatus and prevention of inflammation and granuloma formation.
DISCUSSION
LAP is a unique pathway that links signalling during phagocytosis with recruitment of some components of the autophagy machinery. We find that LAP, like autophagy 11, 22 , requires the activity of the ATG5-12-16L and LC3-PE conjugation systems, and that the presence of LC3-II on LAPosomes is crucial for their lysosomal fusion and maturation 22, 39 . These observations provide insight into the role of LC3-II on LAPosomes, demonstrating that LC3-II is an active partner in the maturation process (Fig. 8) .
We identified Rubicon, in association with the Beclin1-VPS34-UVRAG-containing Class III PI(3)K complex 14 , as a molecule required for LAP but not autophagy. Although Class III PI(3)K complexes lacking Rubicon were present at LAPosomes at low levels, it seems that this association is not sufficient for PtdIns(3)P generation or LAP to progress. The recruitment of the Beclin1-VPS34-UVRAGRubicon complex is required for activity of downstream conjugation systems to proceed, and reduced levels of localized PtdIns(3)P on LAPosomes were observed in Rubicon −/− macrophages. Our data suggest that a Class III PI(3)K complex containing Rubicon and UVRAG is recruited to LAPosomes and promotes generation of PtdIns(3)P.
Rubicon is also an important partner in promoting production of ROS produced by the NOX2 complex 13 . We and others 10 observed that NOX2 and ROS are required for LC3 translocation to zymosancontaining phagosomes. Further, ROS production in response to LAP stimuli requires Rubicon and the Class III PI(3)K complex. Consistent with previous reports 13, 28, 31, 32 , LAPosomes from Beclin1-, VPS34-or Rubicon-deficient macrophages all exhibited reduced levels of localized PtdIns(3)P, and subsequently the PtdIns(3)P-binding subunit of the NOX2 complex, p-p40PHOX, failed to stably associate with these LAPosomes. Rubicon allows for sustained PI(3)K activity at LAPosomes, and stabilization of the NOX2 complex via its binding to p-p40PHOX. It is possible that Rubicon itself stabilizes the NOX2 complex, thus promoting ROS production 13 , although our analysis cannot discriminate such an effect from its role in generating PtdIns(3)P. Therefore, Rubicon mediates the crosstalk between the Class III PI(3)K and NOX2 complexes, resulting in lipid oxidation and PtdIns(3)P generation, both required for conjugation of LC3 to LAPosomes.
There are multiple possible mechanisms by which ROS can promote LC3-II translocation. One study reports that ROS, in the form of H 2 O 2 , directly inhibits the deconjugating activity of the cysteine protease, ATG4, which can cleave LC3-II into LC3-I and release it from membranes 33, 44 . Although this study reported ROS production under starvation conditions, we did not observe substantial ROS production with rapamycin or starvation. Further, inhibition of ROS resulted in a failure of ATG7 to translocate to LAPosomes, indicating that the role of ROS during LAP is likely to be independent of ATG4. Another effect of ROS production is the oxidation of membrane lipids 34 , which can acquire uncharacteristic biological activities 45 . LAPosomes from WT and ULK1 −/− macrophages contained robust levels of oxidized lowdensity lipoproteins (OxLDL), whereas LysM-Cre + Beclin1 flox/flox and NOX2 −/− macrophages did not. Previous work has demonstrated that LAP plays a critical role in the degradation of engulfed organisms 5 , and is a key player in the processing of phagocytic cargo and shaping the innate immune response 6, 8, 9 . We found that clearance of A. fumigatus requires LAP, but not canonical autophagy, and animals defective for LAP exhibit increased pathological inflammation, pro-inflammatory cytokines, and fungal burden in vivo. Significantly, CGD patients with defective components of the NOX2 complex (required for LAP) are often plagued by aspergillosis 43 . This suggests that the inflammation, granulomas and infectious susceptibility associated with CGD may be partially attributable to a defect in LAP.
Defects in autophagic machinery have been linked with aberrant host defence, inflammatory disease and age-related disorders 3, [46] [47] [48] [49] [50] [51] [52] [53] [54] . Although initial interpretation of the above studies implicates autophagy, it is possible that a defect in LAP, rather than autophagy, accounts for some of these pathological conditions. It seems that there are 'cassettes' of autophagy proteins that function, or not, in the control of different infections 53, 54 , some of which may be attributable to LAP. Characterization of the molecular mechanisms of LAP, in terms of its divergence from autophagy, will allow examination of pathologies linked to the autophagic machinery in a new light.
METHODS
Methods and any associated references are available in the online version of the paper. 
M E T H O D S
METHODS
Generation of Rubicon-deficient mice using the CRISPR/Cas9 system.
Rubicon-deficient mice were generated by using CRISPR/Cas9 technology as described previously 17 , with minor modifications 19 . A premature STOP codon replacing Asp 178 was introduced by homology-directed repair (HDR) following injection of pronuclear-stage zygotes with capped Cas9 messenger RNA transcripts, an sgRNA targeting the end of exon 5 and a 183-nucleotide-long single-stranded DNA oligonucleotide that served as a template for HDR (Rubicon-HDR, IDT, Ultramer Technology). To facilitate the identification of founder mice and genotyping, additional substitutions generating an EcoRI restriction site were introduced downstream of the stop codon. The sequence of Rubicon-HDR is: 5 -GCCTTCCTGCTGAGTGACGCCCACGTCACAGCCATGCTCCAGTGCCT GGAAGCAGTGGAACAGAACAACCCCCGTCTTCTGGCTCAGATCtAaGaATt CATGGTAAAAGGGGCGAAGGATTGCCCGTGTCTGTCCTGGCCTCTCCAC TTCACCGTGATGTGCATGCCACGGGAGCCCATGACT-3 . Mutated bases are shown in lower-case letters. The PAM sequence is shown in bold. The sgRNA target sequence is underlined and the premature STOP codon is boxed. In accordance with the guidelines of the Human Genome Variation Society (http://www.hgvs.org/mutnomen) 55 , the nomenclature for the mutation is: NM_001200038.1:c.562_569delinsTAAGAATT.
Capped Cas9 mRNA transcripts were produced from PmeI-linearized and column-purified pcDNA3.3topo-T7-hCas9 (ref. 19 ) using mMESSAGE mMACHINE T7 ULTRA Kit (Life Technologies). The pcDNA3.3topo-T7-hCas9 plasmid was created by adding a T7 promoter in the XbaI site of a plasmid, hCas9 (Addgene 41815), encoding a human codon-optimized Cas9 nuclease 56 . For the guide RNA, a target site (Rubicon-E5F2) towards the ends of exon 5 was selected (Rubicon-E5F2, 5 -GGCTCAGATCGATGCATCCA-3 ; position, chr16:32,847,305-32,847,324 in NCBI37/mm9 mouse assembly). The specificity of this sequence and the absence of off-target activity were confirmed (see Supplementary Table 2 ). The Rubicon-E5F2-F and Rubicon-E5F2-R primers (see Supplementary Table 3) were annealed and cloned in the gRNA_Cloning Vector (Addgene: 41824) to generate the pCR-Blunt-II-U6-gRNA-Rubicon-E5F2 plasmid. This plasmid was used as a template to add a T7 promoter to the gRNA sequence by PCR amplification with the T7-Rubicon-E5F2 and gRNA-R (see Supplementary  Table 4 ). The PCR product was column-purified by QIAquick PCR Purification (QIAGEN) and used as the template to produce the sgRNA transcript using the MEGAshortscript T7 Kit (Life Technologies).
The Cas9 mRNA and the sgRNA were purified using the MEGAclear kit (Life Technologies) and eluted in nuclease-free water. The integrity of the Cas9 mRNA and the gRNA was confirmed by analysis on a 2100 Bioanalyzer (Agilent Technologies).
Zygotic injection of CRISPR/Cas9 and Rubicon-HDR was performed by The Transgenic Gene Knockout Shared Resource (St Jude Children's Research Hospital, USA). Zygotes were obtained from super-ovulated C57BL/6N females mated to C57BL/6J stud males. A mixture of Cas9 mRNA (100 ng µl −1 ), sgRNA (50 ng µl −1 ) and oligonucleotides (2 pmol µl −1 ) was injected into the cytoplasm of zygotes at the pronuclei stage. Approximately 25 injected zygotes were then transferred to the oviduct of pseudopregnant CD1 females. The genomes of mice obtained from zygotic injections were analysed by PCR amplification of the target locus (see Supplementary Table 3 ) and restriction digestion with EcoRI; direct sequencing of the PCR product; and sequencing of individual TOPO-cloned PCR product. The identification of potential off-target loci (see Supplementary Table 2 ) was performed using a combination of Bowtie 54, 57 , BEDTools 58 , and custom Python scripts. All 20-nucleotide-long fragments having less than 4 mismatches and all 12-nucloetidelong fragments with a perfect match to the Rubicon-E5F2 target sequence that were followed by the PAM sequences 5 -NAG-3 or 5 -NGG-3 were identified from the mouse genome assembly NCBI37/mm9 and were considered as potential off-target loci. Each potential off-target site was amplified using a specific primer pair (see Supplementary Table 3 ) flanking the potential off-target locus. The PCR products were then sequenced. None of the potential off-target sites were modified by the Rubicon-E5F2-sgRNA-Cas9 complex.
Mice and cell lines. All mice were housed pathogen-free. GFP-LC3 + mice were provided by N. Mizushima (Tokyo Medical and Dental University, Japan). ULK1 −/− mice were provided by M. Kundu (St Jude Children's Research Hospital, USA) and were bred to GFP-LC3 + mice to generate ULK1 −/− GFP-LC3 + mice. (R. Flavell, Yale University, USA) and LysM-Cre + FIP200 flox/flox (J.-L. Guan, University of Michigan, USA) were bred to GFP-LC3 + mice to generate GFP-LC3 + versions of these strains. Rubicon +/+ and Rubicon −/− mice were generated using CRISPR/Cas9 gene editing technology (see above) and were bred to GFP-LC3 + mice to generate Rubicon +/+ and Rubicon −/− GFP-LC3 + mice.
Bone marrow-derived macrophages (BMDMs) were generated from bone marrow progenitors obtained from both male and female littermates, aged 8-12 weeks. Freshly prepared bone marrow cells were cultured in DMEM medium supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 10 mM HEPES buffer, 50 µg ml −1 penicillin, and non-essential amino acids in the presence of 20 ng ml −1 rmM-CSF (Peprotech) for 6 days. Unattached cells were removed on day 6, and attached macrophages were detached from plates and re-plated for experimental use. RAW-GFP-LC3 (ref. 5) cells were grown in DMEM supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 50 µg ml −1 penicillin, nonessential amino acids, sodium pyruvate, and 2-mercaptoethanol (55 µM). The original RAW 264.7 cell line was purchased through ATCC. RAW-GFP-LC3 cell line was screened for mycoplasma contamination.
Constructs. BMDMs were transfected using Lipofectamine LTX with Plus according to the manufacturer's protocol. The GFP-LC3 construct was provided by A. Khaled (USF, USA). The construct expressing the PX-mCherry (PtdIns(3)P)-binding PX domain of p40-PHOX has been previously described 5 . Lentiviral Scrambled and Rubicon shRNA constructs were a gift from J. Jung (University of Southern California, USA) 59 . RavZ-GFP and RavZ -GFP constructs were gifts from C. Roy (Yale University, USA) 41 .
Transduction of lentiviral Scrambled and Rubicon shRNA constructs.
Lentiviruses were produced by transient transfection using packaging plasmids (psPAX2 and pMD2.VSV-G) after Lipofectamine 2000-mediated transient transfection into 293T cells. Virus-containing media were collected 72 h posttransfection and collected for the viral particles by passing the supernatants through a 0.45 µm filter. The supernatants were used to infect 1 × 10 5 RAW-GFP-LC3 cells in 4-well chamber slides in the presence of 8 µg ml −1 Polybrene. After 24 h, the medium was freshly replaced, and cells were incubated for an additional 3 days for Rubicon knockdown.
siRNA gene silencing of UVRAG, Ambra1, WIPI2 and RAB7. Knockdown of mouse UVRAG, Ambra1, WIPI2 and RAB7 using siRNA was performed as previously described 8 with ON-TARGET plus siRNA obtained from Dharmacon. RAW-GFP-LC3 cells were transfected with 50 µM of each siRNA with Lipofectamine RNAi Max according to the manufacturer's recommendations (Invitrogen).
Autophagy and LAP induction. BMDMs and RAW cells were induced to undergo autophagy by 18 h of rapamycin treatment (200 nM) or 18 h under starvation conditions (EBSS). Alexa Fluor 594-labelled zymosan particles (Invitrogen) were added to macrophage cultures at a ratio of 8:1 (particle/cell). Pam3csk4-coupled 5 , catalase-or Pam3csk4+catalase-coupled beads were added to macrophage cultures at a ratio of 10:1 (bead/cell). Biotinylated HRP (Invitrogen) was conjugated to streptavidin beads (Bangs Laboratories).
Reagents. Class III PI(3)K activity was inhibited by 3-MA treatment (25 mM, 5 mM). ROS was scavenged using Tiron (Sigma, 1 mM, 0.5 mM). ROS was induced with tert-butyl hydroperoxide (TBHP, Sigma, 100 µM, 50 µM).
Real-time RT-PCR.
Total RNA was isolated from cells and tissue using the NucleoSpin II kit (Macherey-Nagel) according to the manufacturer's instructions. First-strand synthesis was performed using M-MLV reverse transcriptase (Invitrogen). Real-time PCR was performed using SYBR GREEN PCR master mix (Applied Biosystems), in an Applied Biosystems 7900HT thermocycler using the SyBr green detection protocol as outlined by the manufacturer using the following PCR conditions: 50 • C for 2 min, 95 • C for 10 min, and 40 cycles of 95 • C for 15 s and 60 • C for 1 min. mRNA expression was normalized against actin, allowing comparison of mRNA levels. Primers used as listed in Supplementary Table 4 .
Cell lysis and immunoblotting. Cells were lysed in RIPA buffer for 30 min on ice (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% DOC, 0.1% SDS, protease inhibitor tablet (Roche), 1 mM NaF, 1 mM Na 3 VO 4 and 1 mM phenylmethylsulphonyl fluoride). After centrifugation (16.1k rcf, 15 min, 4 • C), supernatants were analysed by SDS-PAGE. Anti-LC3B (catalogue no. ab48394) and anti-UNC93B (catalogue no. ab69497) antibodies were from abCam. Anti-GATE16 (clone EP4808, catalogue no. TA310512) antibody was from Origene. Anti-Actin antibody (clone C4, catalogue no. 08691001) was from MP Biomedicals. Anti-ATG7 (clone D12B11, catalogue no. 8558), anti-Beclin1 (clone D40C5, catalogue DOI: 10.1038/ncb3192 no. 3495), anti-UVRAG (clone D2Q1Z, catalogue no. 13115), anti-VPS34 (clone D9A5, catalogue no. 4263), anti-Rubicon (clone D9F7, catalogue no. 8465), antip-p40PHOX (catalogue no. 4311), anti-ATG14 (catalogue no. 5504), anti-LC3A (clone D50G8, catalogue no. 4599) and anti-GABARAP (clone E1J4E, catalogue no. 13733) antibodies were from Cell Signaling. p22PHOX (clone C17, catalogue no. 11712) antibody was from Santa Cruz Biotechnology. Anti-RAB5 (catalogue no. R4654) and anti-RAB7 (catalogue no. R4779) antibodies were from Sigma-Aldrich. All primary antibodies, except anti-Actin, were used at a 1:1,000 dilution. Anti-actin antibody was used at 1:10,000. All HRP-conjugated secondary antibodies were used at a 1:2,000 dilution.
Phagosomes from BMDMs and RAW cells were obtained as previously described 6, 60 . Briefly, after culture of cells with Pam3csk4-coupled beads, the cells were washed in cold PBS, pelleted, resuspended in 1 ml of homogenization buffer (250 mM sucrose, 3 mM imidazole, pH 7.4), and homogenized on ice in a Dounce homogenizer. Phagosomes were then isolated by flotation on a sucrose step gradient during centrifugation for 1 h at 100,000g at 4 • C. The latex-bead phagosomal fraction was then collected from the interface of the 10% and 25% sucrose solutions and resuspended in RIPA buffer for protein immunoblot analysis. The entire phagosome purification was run on 1-2 SDS-PAGE gels owing to the relatively lower protein yield compared with whole-cell lysate samples. Membranes were sectioned according to the molecular weight marker, and proteins residing within that range of molecular weights were probed with the antibodies listed above. When necessary, membranes were stripped with Restore PLUS Western Blot Stripping Buffer (Life Technologies), re-blocked in 1X TBST with 5% w/v non-fat dry milk, and probed with fresh antibodies. Images were captured with an Amersham Imager 600 and saved as tiff files. Representative images from reproducible, independent experiments are shown.
Time-lapse imaging and microscopy. Cells were plated on fibronectin-coated glass-bottom chamber slides (MatTek). Confocal microscopy was performed using the following systems.
Spinning-disc confocal microscopy (SDC) on live cells was performed with a Marianas SDC imaging system (Intelligent Imaging Innovations/3i) consisting of a CSU22 confocal head (Yokogawa Electric Corporation), DPSS lasers (CrystaLaser) with wavelengths of 445 nm, 473 nm, 523 nm, 561 nm and 658 nm, and a Carl Zeiss 200M motorized inverted microscope (Carl Zeiss MicroImaging), equipped with spherical aberration correction optics (3i). Temperature was maintained at ∼37 • C and 5% CO 2 using an environmental control chamber (Solent Scientific). Images were acquired with a Zeiss Plan-Neofluar 40 × 1.3 NA DIC objective on a CascadeII 512 EMCCD (Photometrics), using SlideBook 6 software (3i).
Laser scanning confocal microscopy (LSCM) on live cells was performed with a Nikon TE2000-E inverted microscope equipped with a C1Si confocal system, (Nikon), an argon ion laser at 488 nm and DPSS lasers at 404 nm and 561 nm (Melles Griot). Temperature was maintained at ∼37 • C and 5% CO 2 using an environmental control chamber (InVivo Scientific). Images were taken at the intervals indicated in the figure legends using an oil-immersion Nikon Plan Fluor 40 × 1.3 NA objective with phase contrast optics.
Representative images from reproducible, independent experiments are shown.
Flow cytometry analysis. At the indicated time points, GFP-LC3 + cells were collected, washed once with FACS buffer, and permeabilized with digitonin (Sigma, 200 µg ml −1 ) for 15 min on ice. Cells were then washed 3 times with FACS buffer and analysed by flow cytometry for membrane-bound GFP-LC3-II. Likewise, PXmCherry + cells were collected, washed once with FACS buffer, and treated with digitonin (200 µg ml −1 ) for 15 min on ice. Cells were then washed 3 times with FACS buffer and analysed by flow cytometry for membrane-bound PtdIns(3)P. Data (mean ± s.d.) represent three independent experiments in which technical triplicates of 50,000 cells per sample were acquired using a LSRII cytometer (BD). For Supplementary Fig. 2f , data (mean ± s.d.) represent three independent experiments in which technical triplicates of 100,000 cells per sample were acquired using a LSRII cytometer (BD). For Supplementary Fig. 8a ,b, data (mean ± s.d.) represent two independent experiments in which technical triplicates of 100,000 cells per sample were acquired using a LSRII cytometer (BD). For ROS detection, cells were incubated in the dark with 1 µM dihydroethidium (DHE, Invitrogen) for 30 min at 37 • C. Data (mean ± s.d.) represent three independent experiments in which technical triplicates of 50,000 cells per sample were acquired using a FACScan cytometer (BD). For Fig. 1c and Supplementary Fig. 5b , representative images from reproducible, independent experiments are shown.
Quantification of phagocytosis. Phagocytosis was calculated using flow cytometry analysis (described above). 
Class III PI(3)K activity assay.
LAPosomes were purified as previously described 6, 60 . mVPS34 was immunoprecipitated and incubated with phosphatidylinositol (PI). The quenched PI(3)K reactions are then subjected to a Class III PI(3)K Activity Assay (Echelon Biosciences), a competitive ELISA in which the signal is inversely proportional to the amount of PtdIns(3)P produced. Reaction products are diluted and added to the PtdIns(3)P-coated microplate, for competitive binding to a PtdIns(3)P detector protein. The amount of PtdIns(3)P detector protein bound to the plate is determined through colorimetric detection. Data (mean ± s.d.) represent three independent experiments in which technical triplicates per sample were acquired using a SpectraMax Microplate Reader (Molecular Devices).
Immunofluorescence. Cells grown and stimulated in chamber slides were fixed with 4% formaldehyde for 20 min at 4 • C. Following fixation, cells were blocked and permeabilized in block buffer (1% BSA, 0.1% Triton X-100 in PBS) for 1 h at room temperature. Cells were incubated overnight at 4 • C with primary antibody diluted 1/200 in block buffer. Cells were washed extensively in TBS-Tween (Tris-buffered saline containing 0.05% Tween-20) and incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen). Images were analysed using an Olympus BX51 FL Microscope and Slidebook software. Alexa Fluor 647-LAMP1 (clone eBio1D4B, catalogue no. 51-1071) antibody was from eBioscience. Anti-oxLDL (catalogue no. bs-1698R) antibody was from Bioss Antibodies, and anti-PtdIns(3)P (catalogue no. Z-P003) antibody was from Echelon Biosciences. Anti-LC3B (catalogue no. ab48394) antibody was from abCam. Anti-Beclin1 (clone D40C5, catalogue no. 3495), anti-UVRAG (clone D2Q1Z, catalogue no. 13115), anti-VPS34 (clone D9A5, catalogue no. 4263), anti-Rubicon (clone D9F7, catalogue no. 8465), anti-pp40PHOX (catalogue no. 4311) and anti-ATG14 (catalogue no. 5504) antibodies were from Cell Signaling. Anti-ATG7 (catalogue no. A2856) antibody was from Sigma-Aldrich. p22PHOX (clone C17, catalogue no. 11712) antibody was from Santa Cruz Biotechnology. All primary antibodies were used at a 1:100 dilution. All secondary antibodies were used at 1:400. Representative images from reproducible independent experiments are shown.
Macrophage infection with Aspergillus fumigatus in vitro. Viable conidia (>95%) from the A. fumigatus Af293 strain or A. fumigatus-dsRed (a gift from J.-P. Latge at Institut Pasteur, France) were obtained by growth on Sabouraud dextrose agar (Difco Laboratories) at room temperature 2 . BMDMs were plated in triplicate at 5 × 10 5 cells per well, and infected with A. fumigatus at an MOI of 1. Cells were lysed in 0.1% Triton X-100 at the indicated time points, plated on SD medium in serial dilutions, and incubated at 37 • C for 18 h. Data (mean ± s.d.) represent three independent experiments in which technical triplicates per sample were plated, and CFU was enumerated as previously described 2 .
Experimental invasive pulmonary aspergillosis in mice in vivo. Viable conidia (>95%) from the A. fumigatus Af293 strain were obtained by growth on Sabouraud dextrose agar (Difco Laboratories) at room temperature. For infection, mice were anaesthetized with isoflurane before the intranasal instillation of a suspension of 2 × 10 7 conidia per 20 µl of saline. For each experiment, 5 male mice, aged 10-12 weeks, per genotype were used (WT, LysM-
f /f , Rubicon −/− and LysM-Cre + ATG7 f /f ). No statistical method was used to predetermine sample size. Mice were monitored for fungal growth (CFUs per lung, mean ± s.d.), cytokine production (serum and lung), and histopathology (H&E and Gomori staining of lung tissue sections). Data (mean ± s.d.) represent three independent experiments in which samples from all 5 mice were analysed. Histology sections were imaged on a NikonE800 microscope, and images were captured using a high-resolution DS-Fi1 camera (Nikon). The experiments were not randomized. Histological analysis were analysed by pathologists and researchers blindly via non-identifying sample numbers. Representative images from three, reproducible independent experiments of 5 mice per genotype per experiment are shown.
Cytokine detection. Serum was collected from A. fumigatus-infected mice at day 7 post-infection. Cytokines were analysed by Luminex technologies (Millipore). Data (mean ± s.d.) represent three independent experiments in which samples from all 5 mice were analysed. SILAC labelling of phagosome purification. The SILAC labelling was performed as previously described 61 . Briefly, RAW 264.7 cells were cultured and differentiated in Dulbecco's modified Eagle's medium (deficient in L-lysine and L-arginine, Thermo Fisher Scientific) supplemented with 5% dialysed fetal calf serum (Atlanta Biologicals). L-proline (Thermo Fisher Scientific) was added at 200 µg ml −1 to Mass spectrometry analysis. The MS analysis was carried out using our optimized platform 62 . The two mixed SILAC samples were resolved on a 10% SDS-PAGE gel and stained with Coomassie blue. Each gel lane was cut into 10 gel bands, followed by in-gel trypsin digestion with cysteine alkylation. The extracted peptides were loaded onto a C 18 column (75 µm i.d. ×10 cm, 15 µm orifice and 2.7 µm resin, New Objective), eluted during a 10-35% gradient in 90 min (Buffer A: 0.2% formic acid; Buffer B: 0.2% formic acid with 70% acetonitrile, 400 nl min −1 ), and analysed by MS (LTQ Orbitrap ELITE, Thermo Fisher Scientific). The MS setting included one MS scan (1 × 10 6 automatic gain control, 100 ms maximal ion time, 240 K resolution) followed by top 20 data-dependent low-resolution MS/MS scans (rCID, 2 m/z isolation width, 35 normalized collision energy, 3,000 automatic gain control, and 100 ms maximal ion time).
Acquired MS/MS spectra were extracted and searched against Uniprot mouse databases by the Sequest algorithm 63 with the target-decoy strategy to analyse false discovery rate (FDR). Searching parameters included mass tolerance of precursor ions (±10 ppm) and product ion (±0. 
